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ABSTRACT

...... mathematical model, of a short dipole antenna in a homogeneous,
isotropic forest medium is developed. Height gain function and direc-

tivity patterns at HF are calculated for two cases, antenna in the open

and in a forest, and these calculations are compared with some prelim-

inary airborne measurements made with resonant dipoles. Excellent agree-
ment between calculated and measured patterns and gain is obtained.
Dipole gain at low elevation angles is found to increase in the forest

(over the open-field case).

Pe-mutation of the six parameters of the model (permittivity and

loss taligent of both earth and forest, antenna height, and forest height)

indicates that the effect of antenna height (h.) is the most significant.

The forest height and permittivity of the forest become important at the

very low elevation angles, and the loss tangent of the earth becomes im-

portant at low antenna heights (h. < X/10). The dielectric constant of
the ground and loss tangent of the forest are apparently relatively un-
important variables when checked over the ranges that seem reasonable

for tropical forests.
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I INTRODUCTION

In considering antennas for use with 11F, low-power, portable commu-

nications equipment in dense forest areas, it is pertinent to ask what
effect the forest has on the radiaticn patterns. We know that the atten-

uation of a signal transmitted throu-'h forest is so high1' 2 * that the

ground wave is useless for distances of :iore than a mile or two. We are

thinking, therefore, of a short-range sky-wave link in which the signal

travels almost vertically to the ionosphere and back to the receiver,

'oaich may be up to 25 or 50 miles away. The distance along the ground

is relatively unimportant, since the path for a 5-mile range is very

nearly the same as that for a 50-mile range. j
Antenna types for this use must be small enough and light enough to

be easily carried and simple enough to be quickly erected. The type that
first comes tc mind is a short horizontal dipole. The simplicity of this

antenna makes it very attractive, and wide experience with it leads one

to believe that it will be one of the better types ior our use. We must

therefore give it careful consideration and determine what effect com-
promises with such parameters as antenna length and antenna height above

ground will have on overall system performance.

For ,he sky-wave link it is important to know the directivity in a

small sector near the zenith, but why do we need the complete radiation
pattern-particularly, why are we interested in the pattern at low

elevation? There are several reasons for wanting the pattern at low

angles: First, much of the atmospheric noise and most of the interfering

signals will have low angles of arrival, and since the short-range link

must operate at a frequency below the vertical-incidence critical fre-

quency, the noise and interference may suffer considerable attenuation on

the propagation path. If the forest surrounding the receiving antenna

can be made to discriminate effectively against these unwanted signals,

we may be able to reduce them to the point where they are no longer a

serious limitation on the usefulness of the link.

References are given at the end of the report.
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A second, but not secondary, reason for needing a thorough under-

standing of how the forest affects the radiation pattern stems from the

fact that we are dealing with a military communication system and must

expect attempts to intercept our messages, to jam our link, and to use

direction finders for locating our transmitters. The success of any of

these enemy countermeasures will be largely dependent on the low-angle

directivity of the antenna we nse. Inasmuch as an hiF link is particularly

vulaeirable to interception and, to jamming from distant locations, it is

very important to reduce the /ow-angle radiation, if possible.

In investigating the eff-ect of the forest on radiation patterns, we

need to pursue both a measurments approach and an analytical approach.
A measurements program alone is insufficient because there are too many

variables and we cannot hope to measure the range of situations in which

we are interested. An analytical study alone is also insufficient at this

stage because of our inability to construct a mathematical model in which

we have full confidence. This report is concerned with the analytical

approach.

A



II THE MODEL OF THE FOREST

The model we have chosen for our analysis is a dielectric sandwich
(Fig. 1) in which the upper region is the space above the forest, char-

-terized by co and /.t, the permittivity an, permeability of free space.

rl-e center region is the forest, characterized by a complex dielectric

N", C~icoustant,

-- •/ ~E l = E- -J •" l

and the lower region is the ground below the forest, characterized by a
complex dielectric constant

€2 = 2 -J 2

AIR

eo
I-o

1414

FOR ES •-ANTENNA

fh

IkI
GROUND

e2

D-4240-902

FIG. 1 IDEALIZED LOSSY DIELECTRIC SL.AB MODEL
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C C 0(i - 16)

where te loss tangent, 6., is defined by

Each region is assumed to be homogeneous and to possess the magnetic

permeability of free space.

This model, although simple, probably represents the forest quite

well in the frequency range of 2 to 10 Mc/s, and its simplicity permits

a reasonably rigorous analysis. The assumption of a flat surface on the

top is justifiable when one considers that the surface roughness is small

compared to the wavelength. The assumptions of isotropy and homogeneity

in the vertical direction are harder to justify. It is probable that a

multilayered slab or a layer with a tapered dielectric constant, lower at

the top than at the bottom, would be a better approximation to the forest.

Aside from the fact that a tapeied dielectric constant would complicate

the analysis, it is difficult at this time to find enough data on the

dielectric constant and loss tangent of a forest to choose one value for

each of these parameters, 3 much less to specify how they should vary with

height. We have therefore chosen the simple model of a uniform layer.

--
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III THE ANALYSIS

In analyzing the problem, we will consider the antenna element and

the dielectric layers as an antenna system radiating into the half-space

above. For convenience we will also assume that the antenna in the

forest is receiving a signal. The radiation patterns, of course, are

identical with those of the antenna when it is used in transmitting.

For our far-zone approximations to be valid, the transmitting an-

tenna must be far enough away from the receiving antenna so that the

wavefront across the aperture is approximately plane. If, for example,

it is assumed that the effective aperture is a region about 4 wavelengths

in diameter (Da) centered at the receiving antenna element, and if the

usual far-zone criterion, r > 2D /*, is used, then the transmitting aia-

tenna must be at least 4.8 km or approximately 3.5 miles away at a fre-

quency of 2 Mc/s. Actually, the effective aperture of the antenna and

its surrounding vegetation should be measured.

For an electrically short dipole with large capacitive end loading,

the open-circuit voltage at the antenna terminals is the product of the

antenna length and the component of electric field in the direction of

the antenna axis. For a short dipole with no end loading, the voltage is

one-half of this value. But the open-circuit voltage of a receiving an-

tenna is:

Voc = h(O,k) •-E(0,4)

where E is the incident electric field, and h(6,k) is the vector effective

length. 4 Hence, we can find h(9,k) from -he field in the dielectric and

the physical length of the antenna. The radiation patterns given in this

report are the ratio of ITh to the physical half-length of the dipole with

no end loading. It is interesting to note that the far-zone field of the

antenna when it is usfd in transmitting is

W(oe -j k r

E(e,€k) = J 4nr I~h(e4)

5.1I
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E(0,4)) electric field at. distance r in the O,€ direction

271f = radian frequency

40 o magnetic permeability of free space

r =distance from transmitting antenna phase center
to point of measurement of electric field

-I0 antenna current

k = 27/X = wave number

.= wavelength

" ~and_

I h(0,04) is defined as above.

We have thus reduced the problem of finding the antenna patterns to that

of finding the Jlectric field within the dielectric layer representing

the forest.

Using the coordinates shown in Fig. 2, we find that the pattern of

a horizontal dipole in the plane perpendicular to the dipole is given by

the electric field, El,, of a wave polarized normal to the plane of in-

cidente. For a wave polarized in the plane of incidence, El. is the

Z INTO PAGE
REGION 0, AIR

tro

0 X

REGION 1, FOREST

l (rI :1 rl (I-j8 1 )

y=hf-

REGION 2, GROUND I
4r2 = fr2(I-j82)

P2 z/ PO 0-4240-901

FIG. 2 COORDINATES AND NOMENCLATURE FOR DIELECTRIC SLAB
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pat tern of a horizontal dipole in the plane of the dipole, and E,, is the

pattern of a vertical dipole in the plane of the dipole.

For a wave polarized normal to the plane of incidence, appropriate

solutions of Maxwell's equations for the three regions are:

Region 0:

EO E + E,
E. = se-j( ine+y coSO)

kt

Hi 1 Ay sinO] e- (x "no. +y caeO)
Z0

A- L cosO - y )

Hr A sinSee-j(x Oine-y cosO)

Region 2:

A sn

-E = z[Ae-y(Y + Beh1 ) yle-x"no

H. - Y 1 A Y -- i e + n (Ae- + Beylyf. [e-. inO]

In these solutions the fields have been normalized so that.

I ,I =,

and all propagation constants have been normalized so that

ko =1

Distances are given in radians at the free-space wavelength. The symbols

are defined in the Appendix.

7 1
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When the wave is polarized in the plane of incidence, the appropriate

solutions in the three regions are:

Region 0:

E = E. + Er

-A A
E. (X Cosa - s sinO) e-i (x Nino y CaSO)

-A

H e-Z j(Z Nino+ y COSO)

EA coo+A sn

£ =R(x co-j si6e(x "inoy coso)

A
zR

Hr e -j(xa inO y COos)

Region 1:

A
E1 -^1 Be-1or Yo ýOsin6 7e1Y)]eix Nino

- - (A"1"- e71)- (Ae"ylyB
Er1  erl

11 Z [Ae-71Y + Be-IlYle -j sino

Region 2:

T sn ey (Y-h Sj*

E 2 = jY + A siilee
E r2

12 A .. (y-h -

12= z Te-Y2 f J "akno

tI

For both polarizations the propagation constants

Y1 = a1 + j,83I

* and

=2 cx2 + j132



and

")2 2 0 k ' sin'()= 0 "

as a consequence of the fact that the vectors Eand Hare solutions of

+ k2T s 0

The real and imaginary parts of y for Region 1 are given, then, by

1/2 [(sin2e - 6' 1 ) + '/(6;j - sin 2e) 2 + (6,181)2 ]

2a1  , for a, 0

siny9O for a 1  0

In Region 2, a and '12 are obtained from the same equations, with e'
and 81 replaced by C' and ' respectively.

For both polarizations the requirement that the tangential compo-I nents of the vectors E and H be continuous across the two boundaries,
y = 0 and y = hf, leads to the following set of equations from

"which A, B, T, and R can be determined:

It1 1 0 -V A' ±V

C1  -C 1  0 jV cos19 B ±jV coso

e eYhf eYhf -1 0 T 0

-Y 2 R Ti0
: C le- 1 h f -C I e•' h f -C2 0 j I-R .4 4 0 .

I9
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For polarization normal to the plane of incidence,

C2  /2

and the plus signs in the matrix on the right pertain.

When the wave is polarized in the plane of incidence,

1

yi

1i I/= •

y/2C 2  -

r 2

and the minus signs in the matrix on the right must be used.

The resulting field patterns for short electric dipoles in Region 1

(forest) are:

(1) Horizontal dipole in plane normal to dipole:

FI(0) = IJEI, (for polarization normal to
the plane of incidence)

Thus

!'•. 2 cosO -e W~e-'h
F I( M -(W le yl hf + W (lhfW e y/ l f W -'Y lh fl)

1 ( + W 2 eVhf + j COS 2 i W 2 e

where

and

W• 2 C2 -C1

10
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(2) Horizontal dipole in plane of dipole:

F2 (()) = E1 (for polarization in plane J
Sof incidence).

Hence

F2(8) 2 cos 01c 1 (Wie ylha + W2 eV h,)j
F2(O') -- ii

jC (Wi'e + We "f) + j cose ( Wie 1 -f -. e )

\, (3) Vertical dipole in plane of dipole:

F -- , = ElI (for polarization in plane

13(6 of incidence).

In this case,

sin 2691Wie 'Iah - W2e''Ylha

F3 (a) = 1 E IC(Wlelh f +; ) + j oo (c,- .W2e"')I

In using the equations to compute antenna patterns, note that the values
of C1 and C2 and hence of W1 and W2 depend on the polarization of the

incident wave.

The patterns of a small loop antenna (small compared to the wave-
length) can be found from the components of the magnetic field.

I ..
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IV RAIAU~TION PATTERNS

The function F! is the pattern of a horizontal dipole in the plane

normal to the dipole; F2 is the pattern of a horizontal dipole in the

plane of the dipole; and F3 is the pattern of a vertical dipole in the

plane of the dipole. In all cases the patterns are normalized so that F

is the ratio of the effective length of the antenna to its physical half-

length. The antenna is assumed to be short compareýd to the wavelength of

the radiated signal and to have no end loading.

The effective length, h, affords a compirison of the field strengths

from transmitting antennas, under the constraint that the input current

Tis constant. The functions, F, thus compare the field of a dipole in the

forest above a plane ground (or above a plane ground with no forest) with

that of the same dipole in free space carrying the same input current.

It is often more pertinent to the transmitting problem, however, to com-

pare the fields, or power densities, under the constraint that the input.

power to the antenna is constant. The gain function, G(0,4), gives this

comparison. Thus

, PP = G04)
4 r2

where p(8,q5) is the power density in the transmitted wave; P is the input

, power to the antenna; and r is the distance in the 0,(P direction.

The gain function is the product of the directivity function, D(pa),
pland the power transfer effic i e ncy, po:

Now for a linearly polarized antenna:

G( O, ) a --.

12
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where Ra is the input resistance to the antenna, and r is the character-

istic impedance of the medium in which the antenna is immersed. This

equation can be written:

" 2/Rd\
G(0,0al) =Gd 0"( 0, 4,) 1 'a ':

or, expressed in decibels,

Gd (B,)0 10 log010  d + 20 lojg(o F(0,0) - 10 logl 0 (1N

In this expression for the gain,

g Gad = 1.5 \\

is the maximum of the gain function for an \lectrically short dipole in

free space, and Rd is the input resistance oT this antenna in free space.

To compute the gain function of a dipole\in the forest, we need to

know the ratio, Ra/Rd, in addition to F. The \nput resistance, Ra, is af-

fected quite drastically by the proximity of thM antenna to ground, but

one would expect the presence of the forest to hazve very little effect on

it, particularly if the heavy vegetation is cleari~d for a few feet in the

immediate vicinity of the antenna. Preliminary me~isurements in Thailand
at VHF, by N. K. Shrauger and K. L. Taylor, indicat\•\ that this assumption

is true. Measurements in the Hoh Rain Forest,Olympi\c Peninsula,

Washington, at HF and VHF, by H. W. Parker, show agreement with the ini-
tial data from Thailand for a horizontal dipole. The curves of Vogler and

Nobles for Ra/Rd should therefore be valid whether or i\ot the antenna is

in a forest, and we can use them together with F to com'ute the gain

function.

13 ''
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V COMPUTED RESULTS

So many parameters have an effect on the radiation patterns that it

is not feasible to compute patterns for all combinations of interest.

The results shown here were obtained, therefore, by choosing typical

values of each parameter and then varying them, one at a time, around

this value. The parameters studied were:

•" ~(W) Antenna height (wavelengths)

(2) Dielectric constant of forest

(3) Loss tangent of forest

(4) Forest height (wavelengths)

(5) Dielectric constant of earth

(6) Loss tangent of earth.

Typical values of forest height and antenna height in wavelengths

can be chosen for the range of frequencies of interest to us. A quantity

of data is available on the ground constants; hence typical values for

these can be chosen with reasonable certainty. On the other hand, very

few data are available on the dielectric properties of a forest. From

the work of Pounds and LaGrone 6 and from that of Herbstreit and Crichlow, 7

together with some recent measurements made by Parker and Hagn 3 as a part

of the present research effort, it appears that the relative dielectric

constant for tropical forests should be in the range of 1.05 to 1.5 and

the loss tangent should be in the range of 0.02 to 0.2 at frequencies of

2 to 10 Mc/s. For this study a dielectric constant of 1.2 to 1.4 and a

I loss tangent of 0.1 were assumed to be typical for a very dense tropicalj forest. Subsequent measurements in (ONUS on this program, using the open-

wire transmission line, have indicated that the value for the dielectric

constant may not be quite this large, whereas the value for the loss tan-

gent at 2 Mc/s actually may be greater than 0.1 in a tropical forest. 3' 8

The most significant of the parameters studied he.re is the height of

.T the antenna above ground. It affects both the input resistance and the

effective length of the antenna and therefore changes the gain function

14
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quite drastically. It is also the only one of these parameters that we

can readily control in the fieid.

Figures 3 and 4 are polar plots of F(UJ) and F2(O) with antenna

height in wavelengths as a parameter. Figure 3 is for the case of no

forest; Fig. 4 is for an antenna in a dense forest. To emphasize the

importance of raising the antenna above the ground, the same data are

presented in a different way in Figs. 5 and 6. Here F, the field function,

is plotted as a function of antenna height for two specific angles, one at

the zenith and one very near the horizon. The gain function (Figs. 7 and 8) |

varies even more rapidly with antenna height.*

Figure 9 shows the variation of antenna gain with the height of the

antenna above ground, for three frequencies. The results are simi)ar to

those shown in Fig. 7 but have been translated to specific frequencies,

and in this case the height is given in feet. This figure indicates how
much improvement we can obtain-w,.n we raise the antenna above ground. At
a frequency of 3 Mc/s, for example, raising the antenna from 2 feet above

ground to 10 feet increases the gain in the direction of the zenith by

24 dB. At 6 Mc/s the improvement is 20 dB. This improvement is due to

the effect of the ground ar.d has very little to do with whether or not the

antenna is in a forest (see also Fig. 15).

Figure 10 shows the effect of the denseness of the vegetation on the

radiation toward the zenith and horizon. The values of F1 and F 2 are

plotted as a function of the dielectric constant of the forest. Curves

are plotted for two widely different values of ground constants. As would

be expected, the radiation near the zenith is very little affected. The

low-angle radiation is changed quite appreciably, however, with the verti-

cally polarized wave near the ends of the antenna being decreased as the

dielectric constant increases and the horizontally polarized wave broad-

side to the dipole being greater than that with no forest.

In Fig. 11 the variation of F1 and F 2 for both high-angle and low-

angle radiation is plotted as a function of the loss tangent of the forest.

The effect of this parameter appears to be completely negligible.

One would expect these curves to be smooth as are those in Figs. S and 6. The perturbations
are probably the result of errors in reading the antenna resistance from the curves of
Vogler and Noble.5

15

aTT T TI- Z.7""



i . 15':a - -z' n

GROUND cr 20 NO FOREST c,~I
j82 -500 00 8 0

30 .- h0.20 300

0.101-- ~600 / 00

goo 900

2.0 1.6 1.2 0.8 0.4 0 0 0.4 0.8 1.2 1.6 2.0
RELATIVE EFFECTIVE LENGTH

PATTERN IN PLANE _L DIPOLE PATTERN IN PLANE OF DIPOLE D-42AO-899

FIG. 3 EFFECTIVE ANTENNA LENGTH FOR VARIOUS HEIGHTS, h. - NO FOREST

GROUND ar2 a
2 0 FOREST c,1 := 1.2

0.14

5.~x

P A T E R 9 0 0

2.0 1.6 1.2 0.8 0.4 0 0 0.4 0.8 1.2 1.6 2.0
RELATIVE EFFECTIVE LENGTH

PTENIN PLANE _.L DIPOLE PATTERN IN PLANE OF DIPOLE

FIG. 4 EFFECTIVE ANTENNA LENGTH FOR VARIOUS HEIGHTS, h.-FOREST

.1 ~ 16



roI

4I

a0

z4 -

hw 0

-6

o0

w_0 -

hi GROUND e,2 = 20

w 82:5
Ia.
IA. FOREST =n 1.2

-14- ~NO FOREST ci

830.0

0 0.050 0.10 0.15 0.20
HEIGHT ABOVE GROUND (ha)-wavoI~lonths 0-4t40-02s

FIG. 5 EFFECTIVE ANTENNA LENGTH AS A FUNCTION OF HEIGHT
ABOVE GOOD GROUND - ZENITH

17



-44.

-46

NO FOREST F2,cEr 1 I

U) 4

z

-56

ti-58

x

W -60 8.)
W GROUND er 2 : 20

U 82=5

Wi 6 
FOREST cri "1.2,1.4W 81: 0.1

hf0.2X

-64 NO FOREST cre

I61 0 0.05 0.10 0.15 0.20
4HEIG.-T ABOVE GROUND (h,)-wavSeflegths 0-4240-924

FIG. 6 EFFECTIVE ANTENNA LENGTH AS A FUNCTION OF ANTENNA
HEIGHT ABOVE GOOD GROUND -HORIZON

18



I

12

G000

0

I.- Sw ~-8-

i ZENITH (9=0D)

S-12 GROUND e,2z20

82= 5
IL) FOREST eri = 1.2

-16 8 :0.1

hf = 0.2X

NO FOREST e 1r = I

-20 8, :0.0

-24 - 1 i
0 0.05 0.10 0.15 0.20

HEIGHT ABOVE GROUND (h.) -wavelengths D-4240-926

FIG. 7 GAIN AT ZENITH AS A FUNCTION OF ANTENNA HEIGHT
(Wavelengths) ABOVE GOOD GROUND

19

IE/



* ~,,r50 -

,~' ~G2

G

0-50

-~-62

K -66

GRUD82 =20

NOFOREST tr =I

81 :0.0
-704f02

-78-
0 0.05 0.10 0.15 0.20

HEIGHT ABOVE GROUND (ho) -wavelengths D-4240-926

FIG. 8 GAIN AT HORIZON AS A FUNCTION OF ANTENNA HEIGHT

~J ABOVE GOOD GROUND

20



i • , 0

//

I-4I "

SA -8

=-t2
0.-
0

0

i J -16

w
-J

aX: ZENITH (8=0-)S• -20
Z GROUND er 2 = 20

82=5

-24 
FOREST ern = 1.2

81=0.1

hf : 65.8 ft

-28

.• ~-32-

-36

I II
0 16 24 32

HEIGHT ABOVE GROUND (ha1) feet 0-4240-927

FIG. 9 GAIN AT ZENITH AS A FUNCTION OF ANTENNA HEIGHT (Feet)
m •ABOVE GOOD GROUND

21S1i:



W 6

-75

ZENOIIZO (8:89.9) FtFI f

502

iiFOREST 81 0O.1

Z-56 ANTENNA ho =0.03X\

4

w__

s-58
z

IA.I U.
-62

1 .00 325 !.50 1.75 2.00o

DIELECTRIC CONSTANT OF FOREST (enj) f,4240-934I;FIG. 10 EFFECTIVE ANTENNA LENGTH AS A FUNCTION OF DIELECTRIC
CONSTANT OF FOREST

22



-4----------------

I Fi, F2

-j -6
- ZENITH (9=O")

0.025 0.050 0.075 0.O00

0W
Z WW GROUNDl = 20

4j IL HORIZON (6=89.90) O 20
,,, -54 -2 = 5

W cxFOREST er 1.4

U _ _ 6  
h , = 0 .2 X

;5-56 ANTENNA ha :0.03X
Z
W
a Fl
0

W -5 8  F2

W

-60 ~ 0.2 0.050 0.0750.0

LOSS TANGENT OF FOREST ()D-2C 5

FIG. 11 EFFECTIVE ANTENNA LENGTH AS A FUNCTION OF LOSS TANGENT OF FOREST

Figure 12 shows the effect of forest height (in wavelengths) on the

paterns. As in the case of the dielectric constant of the 
forest, the

Pt-

high-angle radiation is affected only slightly, 
while the low-angle

radiation is affected rather markedly. 
The vertically polarized signal

near the ends of the dipole decreases as forest height increases, while

the horizontally polarized signal 
broadside to the antenna increases

with forest height.

Figures 13 and 14 show the effect of ground constants on the patterns.

Neither the effect of the dielectric Lonstant 
nor that of the loss tangent

is very marked. Note here that F, and F2 vary with the sawa 
trend as the

dielectric constant when it is changed, 
in contrast to the effect of the

forest parameters.
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VI COMPARISON WITH MEASURED DATA

Few measured results exist with which the computed patterns can be

compared. A measurement phase is under way on this project, however,

and some preliminary results are available. Figure 15 shows a comparison

of the measured antenna height-gain curve for an antenna over a flat

field (no forest) with computed results. The antenna used for these

measurements was a horizontal balanced dipole a half wavelength long.

Since the antenna resistance differed considerably from that of an elec-

iI trically short dipole, the measured input resistance was used in the

antenna gain computations of Sec. IV, together with the computed radiation

patterns, to obtain GaB. The measured values of gain were obtained by

comparing the strength of the received signal with that received on an

identical antenna maintained at 40 feet above ground. The same antennat was used to transmit signals and to receive the signals reflected by the

ionosphere, so that the two-way gain was measured. This value was then

halved to give the more familiar one-way gain. 9 As can be seen, the

agreement is quite good.

Figures 16 and 17 show a comparison of the measured and computed

radiation patterns of an 8-Mc/s horizontal dipolt 23 feet above ground.

The measured values were taken from experiments performed on another phase

of the current project.10 Figure 16(a) is for an antenna in a clearing and

Fig. 16(b) for one in a forest; Fig. 17 is a composite of these figures.

Of particular significance are the crossover of the (directivity) functions

L F1 from the open-field (solid curve in Fig. 17) to the forest (dashed

curve) case and the similar behavior of the measured values. Note also

that, at low elevation angles, the directivity pattern in both planes was

enhanced* when the antenna was immersed in the forest, as predicted by the

model. The foliage constants used in this application of the mathematical

model were estimated from experimental measurements made in a similar

conifer forest in Washington. 3

Relative to the open-field conditions.

27

____



0R( z0 81 j.

50 52 s

-2

4- R:3.g

z
2-I~ w

z -6

w

w

r 3:5

-i CALCREULAEDN VLUS-

L 00

14-RANGE OF MEASURED VALUES

REFERENCE ANTENNA:
w IDENTICAL X/2 BALANCED

z DIPOLE AT 4Oft(X/4-~41ft)

0 8 16 24 32 40 48 56
HEIGHT ABOVE GROUND (ho)- feet 0-4240-624

FIG. 15 COMPARISON OF CALCULATED AND MEASURED DIPOLE GAIN
AS A FUNCTION OF HEIGHT ABOVE GOOD GROUND

28



- 0'0 NO FOREST I
30* CALCULATED 3':

-h =0

600 MEASUR D 600

900 900
0 .4 -8 -12 -16 -20-20 -16 -12 -8 -4 0

GROUND a,~2 (a)
82 = 5

ANTENNA ha=23tt FOREST crI: 1.2
FREQUENCY: 8 McA 8 Z.

FI F2
90' 900

0 -4 -8 -12 -16 -20 -2 -16 -12 -8 -4 0
RELATIVE EFFECTIVE LENGTH -dB

PATTERN IN PLANE -L. DIPOLE PATTERN IN PLANE OF DIPOLE
(b) 0- 4240-097R

FIG. 16 EFFECTIVE LENGTH, MEASURED AND CALCULATED, FOR DIPOLE ANTENNA

29



GROUD 1,2 20FOREST crI 1.2
G 82N 4r25 81 :0. 1

ANTENNA h,=23ft hf 75ft

1 600

0 -4 -8 -12 -16 -20-20 -16 -12 -8 -4 0
RELATIVE EFFECTIVE LENGTH -dCBI ~ ~~PATTERN IN PLANE 4.. DIPOLE PATTERN IN PLANE OF DIPOLE -208R

FIG. 17 COMPARISON OF MEASURED AND CALCULATED EFFECTIVE LENGTHS
FOR DIPOLE IN FOREST AND IN OPEN

I ~ 30



VII SYSTEMS CONSIDERATIONS

Some discussion of the systems aspect seems appropriate here, to

relate this analysis to the complete picture. Without specifying our
criterion of system performance, we can be sure that this criterion will

b a monotonically increasing function of the received signal-to-noise
ratio. Let us, then, examine the signal-to-noise ratio for a circuit

similar to that depicted in Fig. 18 and see how we can use the results

IONOSPHERE

1 0ANG < 0 S kmHE
ELECTRICAL

STRANSMISSION LINES

FIG. 18 ShORT-PATH HF SKYWAVE COMMUNICATION IN FOREST

of this analysis to compute, or at least to estimate, p, In a less quan-

titative manner we can see the effect of the various parameters that we

have studied on the noise. After these considerations, perhaps the im-

portance of the various parameters as they apply to the overall system

performance will be more apparent.
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The received signal power, Pr' is given by:

p = P6*. 77, t r ,

r ( ~877h' )2

where

P0 is the transmitter output power,

Gand G, are the transmitting and receiving antenna
gains relative to an isotropic radiator in
tihe direction of the ray between transmitter
and receiver,

0t and s r are the power efficiencies of the

antenna matching circuits including trans-
mission lines, 1 1

p is the power reflection coefficient of the ionosphere,
including attenuation and polarization losses,

h' is the virtual height of reflection which one would
scale from a vertical-incidence ionogram for

the frequency of interest (for ionospheric
paths less than 50 km). 1 2

The two quantities that specifically interest us here are the trans-

mitting and receiving antenna gains, and we wish to examine the effect of

the various parameters that determine these gains on the received signal

power and on the received signal-to-noise ratio. Antenna length is not

being considered here, and it does not affect the gain. The receiving
and transmitting antenna gains are symmetrical in the equation for re-

ceived power; hence the effect of changing one is identical to the effect

of changing the other. This is not true for the signal-to-noise ratio.

It can be seen immediately that antenna height is the only parameter

affecting the gain that is important in determining received signal power

for short ionospheric paths, and reference to Fi-s. 7, 8, 9, and 15 will

show the importance of this parameter.

As far as the received noise power is concerned, only the directivity

of the receiving antenna has any appreciable effect. In the high-frequency
band, atmospheric noise and interference dominate over internally generatedreceiver noise for all but extremely poor antenna-receiver combinations;

hence the height of the receiving antenna is not very important. When this

study was begun, it was hoped that a dipole antenna height could be found
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that would reduce the noise more than the signal. This appeared to be

possible, since the noise may arrive from any direction. Aln examination

of the radiation patterns, however, indicates that we should expect to

achieve, on the average, very little improvement in signal-to-noise ratio

by a change in the height of the receiving antenna (such as lowering it

into the foliage). Indeed, there might actually be degradation of re-

ceiver signal-.to-noise ratio for the case where most of the noise is

arriving at elevation angles near the horizon and the antenna is immersed

in vegetation (see Fig. 17). This should be checked by experiment.

In the practical case, the effect of transmitting antenna height on

"received signal strength, and hence on received signal-to-noise ratio, is

probably not quite as great as Figs. 8 and 9 would indicate. For one

reason, if the antenna is very short so that the matching circuit effi-

ciency is low, then the effect of ground proximity is to raise the input

resistance and reduce the input reactance and thus to improve the matching

circuit efficiency. This improvement in efficiency partially compensates

for the reduced antenna gain. On the other hand,, if the antenna is long

enough to have a reasonable resistance to reactance ratio even in free

space and thus to have a high matching circuit efficiency, then the change

in input resistance with height is not as great as the curves of Vogler

and Nobles indicate. Hence the gain function does not change so drasti-

cally as Fig. 8 would indicate. The improvement that can be achieved is

quite significant, as reference to Fig. 15 for the clase of a half-

wavelength dipole will show; but for antenna heights greater than about

X/10 the improvement in system signal-to-noise ratio is only on the order

I of 3 dB. Thus the field communicator employing a horizontal dipole

in the lower part of the HF band should try to get his antenna as

high as is practical (but no higher than about X/4). The antenna should

be higher than X/10 if possible, but he might want to carefully consider

his situation and other needs before raising his antenna over twice that

high to reach the often-recommended value of X/4.13
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VIII CONCLUSIONS

The primary purpose of the work undertaken thus far, involving the

modeling study of the dipole antenna in vegetation, was to determine the

relative importance of the six variables in this simple dielectric-slab

model. A rigorous solution of the boundary value problem was made, and

each of these parameters was varied over realistic ranges to determine

its effect on the gain of a dipole antenna at the zenith and at the
horizon. This study revealed that the antenna height above ground had
the greatest effect upon the gain at both zenith and horizon, and it was

observed that antenna height is usually the only variable over which the

field communicator has much control. Except for the effect of forest

height and dielectric constant on gain near the horizon, all other vari-
ables apparently had a rather negligible effect (on the order of a few

decibels). In order of decreasing significance, the remaining variables

are: forest loss tangent (81), earth dielectric constant (e, 2 ), and

earth loss tangent (82). It must be cautioned, however, that these vari-

ables were not allowed to range over all possible values, because the

realistic ranges for the foliage constants were determined from the rather
scant literature. 14 Subsequent preliminary measurements with experimental

of the dense vegetation (calculated for the lower part of the HF band) may
not have been allowed to vary to large enough values: Values of 8 as
large as 0.3 have been obtained at 4 Mc/s in vegetation of medium density.3

It was possible, however, to evaluate (as a limiting case) the per-

formance of the horizontal dipole antenna in the absence of any vegetation,

by permitting the electrical properties for the forest slab to assume the

values for free space. The measured height-gain function for a balanced
6-Mc/s resonant dipole compared very well with values calculated by em-
ploying this modeling technique. This check of the measured height-gain

function at the zenith9 in the absence of vegetation is an encouraging

demonstration of the validity of the model for that case.

34

*1



It was also possible to compare the calculations of gain as a function

of elevation angle for both F1 (the pattern in the plane perpendicular to

the dipole) and F2 (the pattern in the plane parallel to the dipole) for

antennas at a fixed height, with the values measured using the airborne

Xeledop technique.10 .15 This comparison was performed for the case of an

8-Nc/s half-wave dipole at 23 feet above ground, located first in an open,

level, newly plowed field (Lodi, California) and later in a CONUS conifer

forest (Lake Almanor, California). Even though the model employed in this

report has assumed a short dipole (linear current distribution) and the

measured values were for a full-scale half-wave dipole (having an approxi-

mately sinusoidal current distribution), the results for both environments

compared quite favorably with the model (see Fig. 17).

The simplest model (single-ray propagation through a simple lossy

slab) for the change of an antenna directivity pattern as the antenna is

moved from the open into a forest medium would predict that the antenna

gain in the forest should decrease according to the secant function. Thus

there would be a slight decrease in gain at vertical incidence due to the
non-zero height of the lossy forest,* where the antenna immersed in the
vegetation exhibits less gain than its open terrain value; and as the ele-

vation angle is decreased the gain continues to fall off monotonically.

Significantly, the more complex model presented in this report predicts a

crossover in the F 1 pattern between the gain function for a dipole in the

open and that for the antenna in the vegetation, and indeed this crossover

is observed in a comparison of the measured data from the Lodi (open) site

and the Lake Almanor (forest) site. At low elevation angles, the dipole

gain in the forest was actually greater than it was in the open for both

planes of reference •(F 1 and F

A brief consideration of the systems aspects-included primarily to

relate the work described in this report to the overall HF communication

problem on short paths in the tropics-has indicated that antenna height

is the key variable affecting received signal power. But a check of both

the measured and the calculated values for the case of open terrain has
indicated that eleyating the transmitting antenna higher than X/10 .-n

V Gain could be normalized to he equivalent at the zenith so that the directivity functions, F, could be
more conveniently compared.
For the case under consideration here, the change in gain is the same as the change in the field func-
tions (or the effective length functions) squared.
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upward toward the typically recommended value of X/4 adds, at the most, on

the order of 3 dB. Significant gains are made, however, by elevating the

transmitting antenna to at least X/10, with the relative improvement with

incremental height increase becoming smaller monotonically as the antenna

is raised from the ground.

In regarding the dipole as a receiving antenna, there is no apparent

advantage to trying to improve the signal-to-noise ratio by placing an an-

tenna in dense vegetation when it is employed for short ionospheric paths-

indeed there may be a slight disadvantage. This should be checked by

experiment.

Thus it appears that the model for the electrically short horizontal

dipole agrees well with measured results in the lower part of tae HF band

for a full-scale resonant dipole in the direction of the zenith for the

degenerate case of no trees, and that it also agrees well with dipole di-

rectivity patterns for elevation angles (900 - 6) between approximately

5 and 55 degrees.

7I
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APPENDIX

SYMBOLS USED IN THIS IIEPOPT

Real part of propagation constant in Region 1 (forest)

a 2  Real part of propagation constant in Region 2 (earth)

'81 fImaginary part of propagation constant in Region 1 (forest)

)32 Imaginary part of propagation constant in Region 2 (earth)

yo Propagation constant in Region 0 (space above forest)

Complex propagation constant in Region 1 (forest)

Y2 Complex propagation constant in Region 2 (earth)

81 Loss tangent in Region 1 (forest)

82 Loss tangent in Region 2 (earth)

60 Dielectric constant of free space (region above forest)

•rl Complex relative dielectric constant in Region 1 (forest)

E2 Complex relative dielectric constant in Region 2 (earth)

El Real part of Er

Er2 Real part of •r2

Impedance of medium in which antenna iq immersed

ý0 Intrinsic impedance of free space (region above forest)

X Wavelength

7 Power transfer efficiency

/-o Magnetic permeability of free space (all three regions)

A, B, R, Arbitrary coefficients as defined by equations
T, W,

S~Cl, C2

,D,, Antenna effective aperture

SD(0,0) Directivity function

ElX, Ely, Components of electric field in Region 1

SE7
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E(0,0) Electric field at distance r in the 0, b direction

E, Reflected component of electric field

E, incident component of electric field

ED Electric field in Region 0 (space above forest)

El Electric field in Region 1 (forest)

E2  Electric field in Region 2 (earth)

F1 0()) Field function as described (plane normal to transmitting
dipole)

F2 (6) Field function as described (in plane of transmitting
"dipole)

G(O,41) Gain function

G. Gain constant for a given antenna configuration

Gd Maximum of the gain function of a dipole in free space

Gt, G, Transmitting and receiving antenna gains relative to an
isotropic radiator in the direction of the ray between
trapsmitt.er and receiver

Gi(0,0) Gain function in plane normal to transmitting dipole

G2 (0,0) Gain function in plane of transmitting dipole

h' Virtual height of reflection from an ionospheric layer

h(0,4) Vector effective length of antenna

ha Antenna height

Hr Reflected component of magnetic field intensity

H Incident component of magnetic field intensity

0H Magnetic field intensity in Region 0 (space above forest)

Hi BMagnetic field intensity in Region 1 (forest)

H2 Magnetic field intensity in Region 2 (earth)

I0 Antenna current

"k Wave number

0k Free-space wave number

hI Height of forest dielectric slab

p(O, P) Power density in transmitted wave

P Input power to the antenna

P0  Transmitter output jpower

38
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1) Received signal power!
r

r Distance from transmitting antenna phase center to point

of measurement of electric field

p Power reflection coefficient of the ionosphere

Ra Input resistance of antenna

Rd Input resistance of electrically short dipole in free space

Voc Open-circuit antenna voltage

a ) = 277f Radian frequency

A A A
x, y, z Unit vectors in x, y, and z directions, respectively.

tI

I

r
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